The RAD50 gene of Saccharomyces cerevisiae is one of several genes required for recombinational repair of double-strand DNA breaks during vegetative growth and for initiation of meiotic recombination. Rad50 forms a complex with two other proteins, Mre11 and Xrs2, and this complex is involved in double-strand break formation and processing. Rad50 has limited sequence homology to the structural maintenance of chromosomes (SMC) family of proteins and shares the same domain structure as SMCs: N-and C-terminal globular domains separated by two long coiled-coils. However, a notable difference is the much smaller non-coil hinge region between the two coiled-coils. We report here a structural analysis of full-length S. cerevisiae Rad50, alone and in a complex with yeast Mre11 by electron microscopy. Our results confirm that yeast Rad50 does have the same antiparallel coiled-coil structure as SMC proteins, but with no detectable globular hinge domain. However, the molecule is still able to bend sharply in the middle to bring the two catalytic domains together, indicating that the small hinge domain is flexible. We also demonstrate that Mre11 binds as a dimer between the catalytic domains of Rad50, bringing the nuclease activities of Mre11 in close proximity to the ATPase and DNA binding activities of Rad50.
The repair of DNA double-strand breaks (DSBs) 1 by homologous recombination and by non-homologous end joining is critical to cell survival and maintenance of genomic stability. The presence of even one unrepaired break can lead to death of the cell (1) . The RAD50 gene of Saccharomyces cerevisiae is one of several genes from the RAD52 epistasis group required for recombinational repair of DSBs during vegetative growth (2) and for initiation of meiotic recombination (3) . Rad50 forms a complex with two other proteins, Mre11 and Xrs2, and this complex is involved in DSB formation and processing (4, 5) . The core of this complex is thought to be Rad50⅐Mre11, as these two proteins are well conserved and have identifiable homologs in species from archaea to humans (6, 7) . Xrs2 and its human counterpart, NBS-1, are not significantly homologous except at their N terminus, and no corresponding protein has been found in prokaryotes. In both yeast and humans, Rad50⅐Mre11 are known to participate in detection of DSBs, activation of cell cycle checkpoints (through Xrs2/NBS-1), and repair of DSBs (8, 9) . In mammals, both Rad50 and Mre11 are essential for life. A Rad50 knockout mouse is embryonic lethal, with early embryonic cells showing hypersensitivity to ionizing radiation (10) . Cre-LoxP conditional deletion of Mre11 in mouse embryonic stem cells shows that it is also essential (11) , and conditional Mre11-null chicken DT40 cells accumulate chromosome breaks and die rapidly (12) . Mutations in members of this complex in humans are also associated with several disease states. Mutations in NBS-1 cause Nijmegen breakage syndrome, characterized by chromosomal instability and cancer predisposition, immunodeficiency, and hypersensitivity of cells to ionizing radiation (13) . Mutation of hMre11 has been shown to be responsible for an ataxia telangiectasia-like disorder, similarly characterized by chromosomal instability, hypersensitivity to ionizing radiation, and radioresistant DNA synthesis (14) .
Specific biochemical activities have been identified for members of the Rad50⅐Mre11⅐Xrs2(NBS-1) complex. Rad50, a coiledcoil protein (153 kDa in yeast), binds ATP and shows ATP-dependent DNA binding (15, 16) . Mre11 (78 kDa in yeast) is known to have 3Ј-5Ј exonuclease and single-stranded endonuclease activities (17, 18) . The related complex in Escherichia coli, SbcCD, has been shown to have similar activities, although the exonuclease activity of SbcD is ATP-dependent (6) . These nuclease functions are relevant to the generation of 3Ј single-stranded DNA tails, which act as intermediate species in homologous recombination. Biochemical activities of Xrs2 (96 kDa in yeast) and NBS-1 are not known, but NBS-1 is essential for Mre11 phosphorylation in the human complex and enhances DNA unwinding and endonuclease cleavage of fully paired hairpins by hRad50⅐hMre11 (19, 20) .
Rad50, E. coli SbcC, and archaeal Rad50 are distantly related members of the SMC protein family and share the same predicted structural features: a globular N terminus, two long coiled-coil segments with a hinge domain between them, and a C-terminal globular domain. SMC proteins are known to form antiparallel dimers (21) , as shown in Fig. 1 (A and B) . Walker A and B ATP-binding motifs (22) are found in the N-and C-terminal domains, respectively, which are brought together by the antiparallel dimer structure. The C-terminal domain has been shown to be important for DNA binding activity (23) (24) (25) .
An important difference in Rad50-related proteins is that the hinge domain is predicted to be much smaller than in SMCs: ϳ30 aa in the case of ScRad50 compared with ϳ150 aa for SMCs (Fig. 1C) . There are also marked differences in the con-served sequence elements in the hinge. SMC proteins have several conserved glycines in the hinge domain, which have been shown to be important for structure and function (26) . Rad50-related proteins do not have these glycines, but they have a distinct CPXC motif, which is not found in SMCs (Fig.  1C) . We wanted to determine if these differences affect the structural organization of the Rad50 dimer.
Structural properties of Rad50 and Mre11 homologs from the archaeon Pyrococcus furiosus have recently been described in great detail. The crystal structure of a complex of the Rad50 N and C termini was determined by x-ray diffraction (15) , and the crystal structure of the Mre11 homolog was also determined (27) . These studies showed that, when coexpressed, the globular N and C termini of Rad50 fold into a single catalytic domain, supporting the hypothesis that Rad50 has an antiparallel structure like SMCs. A 1:1 stoichiometry was demonstrated for the Rad50⅐Mre11 complex, and their probable sites of interaction were identified.
EM studies of SMC proteins have shown two basic conformations: the open-V, where the catalytic domains are up to 100 nm apart, and the heads together conformation, where the catalytic domains are in contact and the coiled-coils are either apart forming an elliptical shape or together in a straight, folded rod (21) . Bacterial and archaeal Rad50/SbcC have also been visualized by EM (6, 15, 27) . Alone, the E. coli SbcC and Pyrococcus Rad50 dimers showed predominantly an open-V, or "headphone," conformation. However, in the most recent study of archaeal Rad50, electron microscopy showed that Rad50 bound to Mre11 was mostly in the folded rod conformation.
Here we provide an EM study of a eukaryotic Rad50, with a particular emphasis on the hinge and the conformation of the molecule. We also map the binding location of the nuclease Mre11 along the Rad50 dimer. Similarities and differences between eukaryotic and prokaryotic Rad50s are noted.
EXPERIMENTAL PROCEDURES
Overexpression of Rad50 and Mre11 in Yeast-Plasmids pR50.1 and pM11.1 were generated by subcloning the RAD50 and MRE11 genes, respectively, into pPM231 (2, GAL-PGK, LEU-2d). Upon introduction of these plasmids into the protease-deficient Saccharomyces cerevisiae strain, BJ5464 (MA⌻␣ ura3-52 trp1 leu2⌬1 his3⌬200 pep4::HIS3 prb⌬1.6R can1), large scale cultures were grown to stationary phase using fresh transformants in ϪLeu omission media, followed by a 12-24-h induction period in starvation media containing 2% galactose. After induction, the cells were harvested by centrifugation and checked for expression by SDS-PAGE analysis and immunoblotting versus cells harboring pPM231.
Purification of Rad50 and Mre11-The purification procedures will be described in greater detail elsewhere.
2 Yeast harboring pR50.1 were broken by French press and subjected to ultracentrifugation (100,000 ϫ g; 90 min). The resulting soluble fraction was then subject to precipitation by ammonium sulfate at a concentration of 0.28 g/ml. After resuspending the precipitate in K buffer (20 mM KH 2 PO 4 , pH 7.4, 10% glycerol, 0.5 mM EDTA, 1.0 mM dithiothreitol, 0.01% Nonidet P-40, and 5.0 g/ml each of the protease inhibitors aprotinin, pepstatin A, chymostatin, leupeptin, PMSF, and benzamidine), Rad50 was purified to near homogeneity by column chromatography, including a Q-Sepharose anion exchange column, an Affi-Gel Blue column, a Macro-Hydroxyapatite (MHAP) column, a Sepharose 6B gel filtration column, and a Mono-Q column. Approximately 10 mg of purified Rad50 was obtained from 50 g of yeast paste using this procedure.
Similarly, yeast harboring pM11.1 were lysed and centrifuged, and the resulting soluble fraction was precipitated with ammonium sulfate to a concentration of 0.28 g/ml. Mre11 was then purified to near homogeneity by column chromatography using a combination of Q-Sepharose, MHAP, Sephacryl-300, and Mono-S columns. Approximately 20 mg of purified Mre11 was obtained from 50 g of yeast paste using this procedure.
Reconstitution of the Rad50⅐Mre11 Complex-Approximately 15 mg of Rad50 from the MHAP step was concentrated in a Centricon-30 microconcentrator and mixed on ice with a 2ϫ molar excess (ϳ15 mg) of concentrated Mre11 protein from the Sephacryl-300 step. The mixture was placed on ice for 5 h to allow for complex formation. The resulting Rad50⅐Mre11 complex was then isolated from free Mre11 by gel filtration in a large Sepharose-6B column (200 ml), followed by fractionation on a Mono-S column.
Expression and Purification of the Rad50coils-FN Fusion-A fusion protein comprising an N-terminal FN7-10 (the 40-kDa cell adhesion domain of fibronectin) connected to the Rad50 coils (deleting the N-and C-terminal globular domains) was constructed as described by Melby et al. (21) , except that it was cloned into pET15b to add an N-terminal His 6 tag. Expression of the protein was induced in E. coli strain BL21. The expression level of the Rad50coils-FN construct was quite low, but Western blot analysis using anti-FN antibodies confirmed expression of the chimeric molecule (data not shown). Following purification on a Ni 2ϩ -nitrilotriacetic acid column (Qiagen), the peak fractions were concentrated ϳ10-fold using a Centricon-100 device (Amicon), then passed over a Sephacryl HR-500 gel filtration column (Amersham Pharmacia Biotech) in 20 mM Tris, 150 mM NaCl, 10% glycerol, pH 8.0. The peak fractions were again concentrated in a Centricon-100 before loading onto glycerol gradients.
Glycerol Gradient Sedimentation-Samples were centrifuged through ϳ5-ml, 15-40% glycerol gradients in order to estimate sedimentation coefficients, provide further purification, and to transfer the proteins to a solution of high glycerol content, which is required for high quality rotary shadowing. After sedimentation at 38,000 rpm for 16 h at 20°C (model SW55.1 rotor; Beckman Instruments), gradient fractions were collected and analyzed by SDS-PAGE. Sedimentation coefficients were determined by linear interpolation of standard curves (28), constructed using proteins of known sedimentation coefficient (e.g. bovine serum albumin, 4.6 S; catalase, 11.3 S; thyroglobulin, 19 S), which were included in the same centrifugation run. 2 K. Trujillo and P. Sung, submitted for publication.
FIG. 1. The antiparallel dimer model of SMC protein structure.
A, the folded rod conformation, the most common form of SMC proteins observed to date (21) . B, open conformation with the termini and coils separated. Arrows indicate the N 3 C direction of the polypeptides. C, comparison of the hinge domains of a typical SMC (S. pombe Cut14) and of Rad50. The Rad50 hinge is also expanded to show the highly conserved cysteines, underlined, which are present only in Rad50-related SMC outliers and not in typical SMCs.
Rotary Shadowing and Electron Microscopy-Peak fractions from the glycerol gradients were identified by SDS-PAGE, and rotary-shadowed specimens were prepared as described previously (29) . Specimens were viewed under a transmission electron microscope (model 301; Philips Electron Optics) and photos taken at magnification of ϳ50,000. Negatives were scanned at 600 dpi using an Agfa Arcus II scanner and imported into the program NIH Image, for measurement and analysis of the molecules.
RESULTS
Electron Microscopic Structure of S. cerevisiae Rad50 -Images of rotary-shadowed Rad50 are shown in Fig. 2 . As expected, the Rad50 dimer appears to be a symmetrical molecule, with a globular domain at either end, separated by a long coiled-coil ( Fig. 2A) . The Rad50 coils are generally curved with the two arms of the dimer separated over their entire length; they do not adopt the folded rod conformation that was common for SMC and MukB (21) and was also reported for archaeal Rad50 bound to Mre11 (27) . However, the globular termini are often seen in close proximity, closing the arms of the dimer into an approximately elliptical structure (Fig. 2, B and C) . Thus, the two catalytic domains appear to have an affinity for each other even in the absence of ATP. Two variations of the endstogether conformation are shown in rows B and C of Fig. 2 . In B the catalytic domains are shadowed as a single globular structure, whereas in C they are resolved into individual domains. The separation in C may be due to the domains falling apart slightly as they attach to the mica surface after spraying (30) . Finally, the Rad50 molecules lack a prominent globular hinge domain, which was expected because of its short length (Fig. 1) . The hinge does appear to be flexible, however, as most of the molecules are bent sharply at the center. This is in contrast to SbcC from E. coli and the Rad50 homolog from P. furiosus, which have been shown to adopt a more evenly curved "headphone" shape as uncomplexed dimers (6, 15) .
The Yeast Rad50 Coils Specify an Antiparallel Dimer-The globular termini of Rad50 appeared of equivalent size (Fig. 2) , consistent with Rad50 being an antiparallel dimer and thus a symmetrical molecule, like SMCs. To confirm that the coiledcoils of Rad50 are antiparallel, we fused the 40 kDa cell-adhesion domain of fibronectin (FN7-10) to the N terminus of a Rad50 coils-only construct where the N-and C-terminal glob- 
FIG. 3. Electron micrographs of a
Rad50coils-FN chimera. The short, rod-shaped FN7-10 segment can be seen at both ends of the Rad50 coiled-coils, confirming that the coiled-coil domains themselves specify an antiparallel arrangement of the Rad50 dimer. ular domains were deleted (aa 180 -1112, QAMKFTK . . . IEKNYHK). Rotary-shadowed images of this protein, expressed in E. coli, are shown in Fig. 3 . As expected, the FN7-10 segment, which appears as a short, thick rod (ϳ15 nm ϫ 3 nm) can be seen at either end of the dimer. If the coiled-coils were parallel, we would have seen two FN7-10 segments at one end and nothing at the other end of the coils. Thus, the coiled-coils of Rad50 must be antiparallel, as seen previously for MukB (21) .
Preparing the Rad50⅐Mre11 Complex for EM Studies-With the EM structure of Rad50 alone established, we then attempted to investigate the structure of the Rad50⅐Mre11 DNA repair complex. However, the complex dissociated under our standard glycerol gradient conditions (0.2 M ammonium bicarbonate, pH ϳ8.3, 15-40% glycerol) (Fig. 4, top panel) . After several trials, two factors important for maintenance of the complex were identified: solution pH and the addition of manganese (Mn 2ϩ ). Manganese is an essential cofactor for Mre11 and all of its homologs for nuclease activity and is also a crucial factor in stabilizing the SbcCD complex from E. coli (31) . We hypothesized that it might play a similar role for the Rad50⅐Mre11 complex.
When the pH of the glycerol gradient solution was greater than 8.0 (Fig. 4, top panel) , only a partial affinity between Rad50 and Mre11 was observed, and the two components separated in the gradient. The partial affinity above pH 8.0 was indicated by a shift of both species to higher S values (7.2 and 5.7 S for Rad50 and Mre11, respectively) compared with those obtained when the individual subunits were run alone on gradients (6.3 and 4.7 S, respectively). At neutral pH (7.0) and with 1 mM MnCl 2 the complex was maintained during the 16-h gradient run and the two proteins perfectly cosedimented (Fig.  4, bottom panel) . The MnCl 2 was not necessary to stabilize the complex at pH 7, but it did stabilize the complex above pH 8 (data not shown). Fig. 4 shows the two extremes of gradient conditions: pH 8.3 with no Mn 2ϩ where the subunits separate (top panel), and pH 7.0 with 1 mM Mn 2ϩ where the complex is maintained (bottom panel). The fact that the complex is unstable at high pH is consistent with the single-stranded DNA endonuclease activity of Mre11 and Rad50⅐Mre11. Even in the presence of manganese, Mre11 activity is highly sensitive to pH Ͼ7.2, and Rad50 provides some stabilization up to pH 7.6.
3
Mre11 Binds to the Catalytic Domains of Rad50 -Having identified gradient conditions that maintained the Rad50⅐Mre11 complex, we could then rotary-shadow the samples and look for new structural features along the Rad50 dimers that might indicate the binding site of the Mre11 subunit. The location of the Mre11 was remarkably clear and consistent. In some molecules a third, large globular domain can be seen between the globular termini of Rad50 (Fig. 5A, first row) . Alternatively, when the terminal domains are not separately resolved, they are greatly enlarged in the Rad50⅐Mre11 complex compared with Rad50 alone (Fig. 5A, third row) . Thus, Mre11 is closely associated with the ATPase and DNA-binding domains of Rad50. No binding of Mre11 was observed either at the hinge or along the coiled-coils of Rad50, and the overall structure of the Rad50 dimer appears unchanged in the complex.
Stoichiometry of the Rad50⅐Mre11 Complex-From the rotary-shadowed images, it is difficult to determine how many Mre11 subunits are bound at the Rad50 catalytic domains. We took two different approaches to address the relative stoichiometry of Rad50 and Mre11 in the complex. The first was by densitometric analysis of SDS-PAGE gels stained by Coomassie Blue. Both analysis of mean intensities and of integrated intensities gave a Rad50:Mre11 molar ratio of 1:1.1 (Ϯ 0.1, n ϭ 4), indicating that a dimer of Mre11 is bound to each Rad50 dimer. Second, we compared the frictional ratio (s max /s) of unbound Rad50 to that of the complex (Table I ). This approach is described in the next section.
Hydrodynamic Properties of Rad50, Mre11, and Their Complex-Gradient sedimentation analysis is a useful method for estimating molecular shape, as the sedimentation coefficient obtained can indicate the conformation of molecules in solution. The hydrodynamic parameter that we find most useful is s max /s, where s max is the maximum possible sedimentation coefficient for a protein of the given mass, corresponding to a sphere of the minimum diameter to contain the given mass of protein and with no water of hydration. The ratio s max /s is the same as the frictional ratio, f/f min , where f is the actual frictional coefficient of the hydrated protein, and f min is the frictional coefficient of the unhydrated minimal sphere (32) . s max is calculated from the Svedberg equation, using the density and viscosity of water and a partial specific volume for the protein of 0.73 cm 3 /g. Globular proteins typically have s max /s of 1.2-1.3 (for example, our standard proteins catalase and serum albumin have s max /s ϭ 1.20 and 1.29), and the ratio rises to 2.0 or more for highly elongated proteins such as tropomyosin or fibrinogen (30) . As shown in Table I , the hydrodynamic properties we observe for Rad50 alone are consistent with a dimer: calculating s max /s using the mass of a dimer (306 kDa) and the observed sedimentation coefficient gives a value of 2.6, which is typical of a highly extended molecule such as we see in the EM. Calculating s max /s from the observed s value but using the mass of a monomer (153 kDa) would give a value of only 1.6, indicative of a fairly compact globular structure, which is not what we observe in the EM.
As a second approach to determine the Rad50⅐Mre11 complex stoichiometry, we assumed that the frictional character of Rad50 is determined primarily by the long coiled-coils, and specifically that the frictional coefficient is not affected by the binding of Mre11 in the complex. Thus, the complex should have s max /s very similar to that of Rad50 alone. s max /s calculated for the complex with two Mre11s is approximately equal to that of Rad50 alone, whereas the value with a single Mre11 is significantly smaller (Table I ). This confirms the 1:1 stoichiometry obtained by densitometric analysis.
In the absence of Rad50, Mre11 sedimented at 4.7S which is 3 K. Trujillo and P. Sung, unpublished observations. consistent with a globular monomer. If it were a dimer, the s max /s ratio would be 2.2 indicating an elongated molecule, which is inconsistent with our EM images of Mre11 alone. Thus, in our hands, dimerization of Mre11 appears dependent upon formation of the Rad50⅐Mre11 complex.
Dimensions of Rad50, Rad50coilsFN, and Rad50⅐Mre11-Table II lists lengths and diameters of different domains from these proteins, measured from the electron micrographs. Fig. 6 shows the predicted coiled-coil segments and provides the basis for an interesting calculation. The length of the coiled coil, 120 nm from one globular domain to the other, includes two coiled coil segments and the hinge (Fig. 1). Fig. 6 shows that the predicted coiled coils have several gaps, especially in the Nterminal segment. Are these gaps actually continued segments of coiled coil, just not well predicted, or do they loop out from the coiled coil? The total length of the predicted C-terminal coiled coil is 412 aa, including small gaps of 1, 9, and 2 aa. An ␣ helix of 412 aa would be 62 nm long (calculating 0.15 nm/aa), which is very close to half the 120 nm measured for the two coiled coils. The predicted N-terminal coil is significantly longer, 505 aa total, but this includes 95 aa in predicted gaps. We suggest that these gaps are actually looped out from the coil. If the gaps are eliminated, the N-terminal coil would be 410 aa, which matches exactly the 412-aa C-terminal coil with which it must pair (Fig. 1) and our measured length. The functional FIG. 5 . Electron micrographs of the Rad50⅐Mre11 complex. Mre11 is bound at the terminal catalytic domains of Rad50, probably as a dimer (see text). A, Rad50⅐Mre11 complexes with the ends together, either shadowed as one large globular structure or resolved into individual subunits. B, complexes with Mre11 bound to only one arm. C, images of purified Mre11 alone, for reference.
TABLE I
Hydrodynamic properties of Rad50, Mre11, and their complex M (aa) is the predicted mass in kilodaltons for the stoichiometry indicated, based on the amino acid sequence. s is the sedimentation coefficient in Svedbergs, determined by glycerol gradient sedimentation. s max /s is the ratio of the maximum sedimentation coefficient, calculated for an unhydrated sphere of the same mass, to the observed sedimentation coefficient and is an empirical measure of how elongated a protein is. significance of these gaps, which vary among species, has yet to be addressed. Another point is that the Rad50coilsFN construct apparently has the FN domains folded back along the coils in most cases since the average length of coils measured for it is only 104 nm. Adding in the length of the FN (15 nm) gives the same length as that seen for the coils in native Rad50. Similarly, the coil length of the Rad50⅐Mre11 complex is only 105 nm, indicating a substantial overlap of Mre11 and the coiled-coils (see "Discussion").
DISCUSSION
Our results show that yeast Rad50 shares the same overall structure as SMC proteins: that of a long, antiparallel coiledcoil with equivalent functional units at each end. This structural arrangement was strongly suggested by the recent crystal structures of the catalytic domains of an archaeal Rad50/SbcC homolog (15) and an archaeal SMC (33) , both showing that the N-and C-terminal globular domains associate tightly to form a single, folded catalytic domain.
Structural Properties of Yeast Rad50 and Mre11-In contrast to the large globular hinge of SMC and MukB (21) , yeast Rad50 showed no detectable globular hinge domain. This was expected from the aa sequence, which is only 28 aa long. Nevertheless, the hinge appears to be functional since the molecules are able to bend sharply in the middle. As with MukB, the coilsFN construct shows that the hinge is flexible as those molecules range from almost completely folded rods to highly extended open-V conformations. However, molecules bent sharply in the middle are observed less frequently with this construct. Thus, the catalytic domains have an apparent affinity for each other which causes the wild-type protein to commonly form a closed circle conformation. The coiled-coils of Rad50 were generally curved, giving the wild type dimer an elliptical shape.
Our sedimentation results for Rad50 alone and in complex are quite consistent with the elongated molecules that we see in the rotary-shadowed micrographs (see Table I and "Results"). We did observe a small salt dependence of Rad50 conformation, as indicated by a shift in sedimentation coefficient from 6.6 S at 20 mM NaCl (pH 7.4) to 6.1 S at 1 M NaCl (data not shown), but nothing indicating dissociation of the Rad50 dimer. This is smaller than the salt-dependent conformational change seen for B. subtilis SMC of 6.5 S for a folded rod to 5 S for an extended molecule (26) , and may represent a transition from a folded rod to the elliptical, coils-apart conformation. We cannot adequately explain the 4.3 S form of Rad50 purified by Raymond and Kleckner (16) . That species was confirmed to be a dimer, but 4.3 S is even lower than what one would expect for a fully extended Rad50 rod (26) .
Mre11 alone appears as an approximately globular protein in the EM. Occasional molecules appear to have a cleft (Fig. 5C , third panel, lower right), which is consistent with the crystal structure of Pyrococcus Mre11 (27) . The size of individual Mre11 molecules observed in the EM could be consistent with either monomers or dimers. Our sedimentation analysis shows that Mre11 alone under our gradient conditions is monomeric. However, Mre11 has been reported to self-associate both in a yeast two-hybrid system (4) and in vitro (17, 18, 27) . One possibility is that Mre11 is predominantly monomeric in vivo and the self-association detected by yeast two-hybrid assay is dependent on complex formation with other proteins such as Rad50. Additionally, the reports of in vitro association are based only on gel filtration chromatography, where asymmetry of the molecule might be causing it to elute earlier than more compact standard proteins. Finally, the crystal structure of Pyrococcus Mre11, although it contained two molecules in the asymmetric unit, did not show any extensive interface that would mediate a stable dimer. More detailed analysis, such as by analytical equilibrium ultracentrifugation, is needed to determine the oligomerization state of isolated Mre11 in different species.
Comparison of Eukaryotic, Bacterial, and Archaeal Rad50/SbcC and SMCs-In a Clustal alignment of 70 SMC and related protein sequences, the Rad50-related proteins formed a distinct group with three branches. 4 One branch contained the eukaryotic Rad50s, another the bacterial SbcCs, and a third contained the archaeal proteins variously identified as SMC-or Rad50-like. The eukaryotic Rad50s are significantly larger (ϳ1300 aa) than 4 H. P. Erickson, unpublished observations. their bacterial and archaeal Rad50/SbcC counterparts (ϳ1000 aa) and have a conserved CCPX H CXR (where X H is a hydrophobic aa) motif at the proposed hinge domain. This motif is slightly different in the bacterial and archaeal proteins, the consensus being CPX H CG.
Published images of E. coli SbcC and P. furiosus Rad50 dimers, without Mre11, showed a headphone shape with no sharp bend at the hinge domain (6, 15) . However, recent images of archaeal Rad50 bound to Mre11 showed a folded rod conformation, so the archaeal hinge is able to bend sharply. We observed a sharply bent hinge domain in yeast Rad50, both alone and bound to Mre11. Thus, we can conclude that eukaryotic and archaeal Rad50, and probably bacterial SbcC, have a functional hinge that can bend to bring the catalytic domains together.
With the catalytic heads in contact, the coiled-coils can either be close together to form the folded rod conformation, or can be separated to form the elliptical coils-apart conformation. With SMC and MukB, both conformations were observed. With archaeal Rad50⅐Mre11, only the folded rod conformation was reported, whereas we observed yeast Rad50, with or without Mre11, to be almost exclusively in the coils apart conformation. The differences may reflect real differences in the species, or perhaps the EM techniques used, negative stain for archaeal and rotary shadowing for eukaryotic Rad50, might influence the conformation. However, since the coils are so often seen apart for SMCs, yeast Rad50, and the uncomplexed archaeal and bacterial dimers, we suspect that the coils do not have a strong affinity for each other and the folded rod is probably mediated primarily by the association of the catalytic domains.
Structure and Stability of the Rad50⅐Mre11 Protein Complex and Implications for SMCs-The binding of Mre11 at or close to the catalytic domains of the Rad50 dimer was strikingly apparent in the EM (Fig. 5) . Thus the nuclease activity of Mre11 is closely associated with the DNA binding and ATPase activities of Rad50. Fig. 7 shows schematic models of the antiparallel Rad50 dimer alone (Fig. 7A ) and the Rad50⅐Mre11 complex acting on a DSB (Fig. 7B) . Our results are consistent with the deletion analysis which demonstrated that a 40-aa segment of coiled-coil was essential for Pyrococcus Rad50⅐Mre11 complex formation (27) . The binding of Mre11 to part of the coiled-coil domains in yeast is indicated by our measurements, which show that the coiled-coils for the Rad50⅐Mre11 complex were 15 nm shorter than for Rad50 alone (Table II) . Thus up to 50 aa of coiled-coil at each end appear to be covered up by the large terminal complex of Mre11 bound to the Rad50 catalytic domains.
Functionally, the antiparallel dimer-dimer of Rad50 and Mre11 means that a single complex is likely acting on both ends of a DSB simultaneously (Fig. 7B) . The complex could hold the DNA ends in close proximity thus facilitating the search for homology. Additionally, in the case of meiotic DSBs, this would prevent translocations as the Rad50⅐Mre11⅐Xrs2 complex is involved in both formation and processing of those breaks. A DNA end-bridging function has also been identified for the Rad50⅐Mre11⅐Xrs2 complex in non-homologous end joining, where the complex was seen by atomic force microscopy to hold linear dsDNA molecules together in unit length oligomers. 5 The fact that Mre11 is in close proximity to the ATPase domains of Rad50 is also important. ATP stimulates the endonuclease activity of the Rad50⅐Mre11 complex severalfold. It does not affect the exonuclease activities of Mre11 or Rad50⅐Mre11, but a non-hydrolyzable ATP analog significantly inhibits this activity of the Rad50⅐Mre11 complex, suggesting that ATP binding might be a regulatory feature of the complex. 2 The structure of the Rad50⅐Mre11 complex represents a highly stable and likely conserved interaction. The fact that the complex stays together for the entire 16-h centrifugation indicates a very high affinity between Rad50 and Mre11. Given this strong interaction between Rad50 and Mre11, and the fact that the terminal domains show the most conservation among SMCs and related proteins, we propose that high affinity binding of complex partners at the catalytic domains will be a feature of the SMC protein family in general.
